A phenological study of springtime events was made over a 61-year period at one site in southern Wisconsin. The records over this long period show that several phenological events have been increasing in earliness; we discuss evidence indicating that these changes ref lect climate change. The mean of regressions for the 55 phenophases studied was ؊0.12 day per year, an overall increase in phenological earliness at this site during the period. Some phenophases have not increased in earliness, as would be expected for phenophases that are regulated by photoperiod or by a physiological signal other than local temperature.
Phenology is the study of the cycling of biological events throughout the year-a reading of the ''pulse of life.'' The cycling of phenological events such as flowering, fruiting, bird migration, or animal reproduction is frequently used to define annual seasonal sequences. Phenological studies have also proved useful in predicting the production stages of certain crops (1) and in measuring the response of plant systems to changes in temperature (2) .
Climatic warming would be expected to have an impact on some phenological sequences (3, 4) . If phenological records are continued over a sufficient length of time, they may reflect climate change, as has been suggested by Beaubien and Johnson (5) . With widespread evidence that climate warming has occurred over the past 40 years (6) (7) (8) , long-term phenological records may reflect such climate warming. We report here such a record of phenological events at a site in southern Wisconsin. This record offers an unusual opportunity to observe long-term changes by various phenophases (seasonal biological events).
METHODS
Phenological data have been collected at a farm in Fairfield Township, Sauk County, in southern Wisconsin during two intervals of time. From 1936 to 1947, Aldo Leopold (9) maintained records of spring events. After a lapse of 29 years, similar records were kept by Nina Leopold Bradley at the same farm for a subsequent 22 years, from 1976 to 1998, spanning a total of 61 years. The record includes 74 phenophases, focusing especially on arrival dates for migratory birds and dates of first bloom of spring flowers. We estimate the accuracy during the first 11-year period to be Ϯ4 days and during the later 22-year interval to be Ϯ2 days.
In this work, we refer to climate warming as a rise in analogous temperatures over the 61-year period, not as seasonal warming within a single year.
To limit our analysis to phenophases that can be identified with the spring season, we report only those events that occur before the end of June (Julian calendar day 181). We used only phenophases for which there were at least six yearly records in each of the two recording periods. We analyzed 55 phenophases within these parameters for long-term changes in the dates of springtime events. Regression analysis (10) performed on the yearly records for each phenophase yielded an approximation of the slope of the data for the six-decade period. For each phenophase we report the average date of occurrence across the entire data collection period, the number of yearly observations recorded for that phenophase, and the slope of the linear regression plot for those observations (Table 1 ). In addition, for each phenophase we report the t value (Student's t distribution), an estimate of the deviation from the population mean, and the p value, a measure of the statistical probability of fit to the regression line.
An effective component of this study would be a record of actual temperatures indicating the increase over the past decades. However, the scatter of daily, weekly, and monthly temperatures encompasses a vast range, and a significant drift in local temperatures over the decades is difficult to define. The data on planetary warming indicate a very small total increase, less than 1°C over 50 years (6) (7) (8) 11) . For a natural integrator of seasonal temperature changes, we have selected the date of ice-melt in Lake Mendota, located in the adjoining county. A regression analysis of the melt dates for the succession of years is presented in Fig. 1A ; it indicates an overall increase in earliness over the 61-year period, with a slope of Ϫ0.124 days per year, and with a 97% probability of significance (P ϭ 0.031). For evidence that the regression of Lake Mendota ice-melt is driven by temperature, we plotted the melt dates against the average March temperature (Fig. 1B) ; we find a regression of Ϫ2.72 days in earliness per°C.
RESULTS
The long-term phenological record at one site presents an opportunity to examine changes in the dates of occurrence of various phenophases over a period of climate change. In Table  1 we present springtime phenophases in the order of their occurrence. For example, the average date of the first song of cardinals occurred on day 46 of the Julian calendar; there were 29 year-records of the date of that event. These records yielded a regression with a slope of Ϫ0.365 day in earliness per year. The t test yielded Ϫ2.75; and the p value was 99% (P ϭ 0.01).
Seventeen phenophases [indicated by section marks ( §) in Table 1 ] show significant advances in springtime occurrence. The data also indicate that 20 phenophases [indicated by paragraph marks ( ¶) in Table 1 ] do not appear to be increasing in earliness. These are phenophases with t values between ϩ1 and Ϫ1, thus with minimal divergence from the average date of occurrence. The remaining 18 phenophases show intermediate regressions, and are statistically not assignable to either the responder or the nonresponder class.
Examples of responders and nonresponders are illustrated in Fig. 2 ; individual plots of four phenophases with increasing
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PNAS is available online at www.pnas.org. ‡ To whom reprint requests should be addressed. E-mail: ACL9@ cornell.edu. (1999) earliness are compared with four phenophases without statistical increases in earliness. Each datum point in the graphs indicates the date for that event in a single year. In Table 2 , the numbers of phenophases are clustered for each of the five springtime months. The averages of the regression slopes are given for each month. The number and percentage of phenophases that show significant increases in earliness are recorded with the number and percentage of phenophases that qualify as nonresponders. Only one phenophase in February is represented. The regression averages for the eight phenophases in March yielded a value of Ϫ0.169 day/year. The regression averages for all phenophases lessened in the subsequent months from March through June. As springtime advanced, the number (or percentage) of phenophases increasing in earliness diminished, whereas the number (or percentage) of phenophases not changing in earliness increased. The mean regression for all 55 phenophases was Ϫ0.12 day/year, comparable to the regression for the ice-melt data in Fig. 1 A. 
DISCUSSION
Of the 55 phenophases reported here for the 61-year period in southern Wisconsin, 19 showed statistically significant increases in earliness. Twenty phenophases were considered nonresponders, based on the range of t values. Thus, roughly one-third of the phenophases appeared to advance in earliness over the period, one-third appeared not to advance, and the remaining third were statistically intermediate.
Within the 61-year span of our observations, the surface temperatures of the planet have warmed (5, 6, 8, 12) . Climate warming has frequently been reported to have resulted in increases in earliness of some phenophases (11, 13) . Experimental applications of heat have also been shown to result in phenological advances in plants (2, 14-20). It seems reasonable to expect that climate warming can induce advances in some phenological events.
Our examples of phenophases showing increases in earliness may be responding to climate warming. Because the range of seasonal temperature changes is magnified at higher latitudes (11, 12) and may be almost imperceptible at tropical or even subtropical sites (21) , phenological responses may be accentuated at more polar latitudes and minimal or even absent near the equator. Studies of phenological processes in Alaska and other near-polar sites have shown dramatic changes in various Those increasing in earliness had Ͼ95% probability of significance (P Ͻ 0.05). Those not increasing in earliness had t values between ϩ1 and Ϫ1. plant phenophases in response to increases in temperature (13, 22, 23) . Satellites have recorded measurements of regional changes in photosynthesis showing increased earliness associated with climate warming in northern latitudes (17) . In this study, maximal increases in earliness of photosynthetic activity were observed for latitudes between 45°and 65°N. Our site in Wisconsin at 43.5°N lies just below the range of the maximal photosynthesis response. Several reports have shown that phenological responses to temperature in colder, northern climates can be simulated at sites along an altitudinal gradient (24, 25) . Our preliminary evidence in Table 2 suggests that phenological advances may be more frequent in the colder months of early spring; phenological responses to warming may be more substantial in colder sites or seasons.
The fact that some phenophases respond to a drift toward climate change and other phenophases do not raises some questions about phenological adaptability and its possible relation to species survival during extended climate change. Is there a survival advantage for species having phenological adaptability to climate change? The checkerspot butterfly (Euphrydryas editha) is one documented species that has shifted its range as an adaptation to climate warming (26) . Species lacking phenological adaptability, such as the amelanchier (A. laevis; see Table 1 ) may require a stronger signal or may be unable to adapt to climate warming. We speculate that species without phenological adaptability may experience greater stress or even extinction during extended climate change.
Among the species that do not show phenological adaptability are the many organisms in which seasonal developments are regulated by photoperiod or other genetic regulatory systems. Many seasonal biological events have been found to be controlled by photoperiod. These include dormancy, growth rates, and flowering in plants; diapause in insects; reproductive activity in vertebrates; and migration in birds (27) . An abundance of literature describes phenological controls by photoperiod. We would expect that photoperiodic responders may fail to show changes in earliness in response to climate warming. For example, extensive literature describes photoperiodic regulation of bird reproduction and migration (28, 29) . Our records include four bird migration phenophases that show no apparent change with climate warming: the arrival dates for bluebird (Sialia sialis), fox sparrow (Pasaella iliaca), towhee (Pipilio erythrophthalamus), and brown thrasher (Toxostomum rufum) ( Table 1 ). These may be expected to be regulated by photoperiods.
A comparison of bird migration dates that are correlated with temperature and others that are not has been made by Temple and Cary (30) . Their evidence indicates that shortdistance migrants may usually be correlated with temperatures, whereas long-distance migrants may not. The onset of flowering in plants serves as a contrast; the temperatureresponding and the nonresponding species grow in the same locality and have presumably developed different strategies of floral regulation.
From our data, we suggest that some organisms may be facile in changing their seasonal progressions in relation to climate changes, whereas others are less able to respond. Differences in phenological adaptability may be expected to bear on the ability of species to adapt to climate warming; species with poor phenological adaptability may face increasing stress during prolonged climate changes.
